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MAGNETODYNAMICS OF FLUIDS */1

FLOW IN A CONDUIT OF AN ELECTRICALLY CONDUCTING GOMP
FLUID UNDER THE ACTION OF A NONUNIFORM MAGNETIU FIELD

2761%

The two-dimensional flow in mean-square time, in a plasma

Roger Peyret

accelerator with progressive waves is discussed, specifi-;/
cally taking into consideration the effect of the axial /
component of the magnetic fields, The solution obtained
by the linearization method permits calculating the ac-

celeration of the fluid and demonstrates a confinement

effect.

1. Two previous papers (Bibl.l, 2) were concern investigating the
nonstationary flow in a progressive-wave plasma accelerator, in a one-~dimension-
al approximation (zero transverse velocity). The effects of the component along
the axis of the conduit of the applied magnetic field and the effects of the
induced fields are negligible. The height of the channel 2h is assumed as small
with respect to the wavelength A of the progressive velocity field v.

In the present paper, certain of these hypotheses are abandoned and the
following is assumed: a) a magnetic Reynolds number Rm = WOGoA, small but not
zero (Rm® neglected); b) an interaction parameter RmP = RmEw (¥ hPohe ) ' small
but not zero [(RmP)° neglected); c) & = h/A, arbitrary; d) only the mean value

of the flow with time is considered; consedﬁently, the independent variables

are x and y (where Ox has the direction of the channel axis)., Under these

% Numbers in the margin indicate pagination in the original foreign text.
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hypotheses, it is assumed that, for mean flow magnitudes, a double asymptotic
expansion exists which proceeds in accordance with the two small parameters RmP

and Rm, of the form#*

-~
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WX, 4, P, Rm,5 ) = ¢ . R.P 5 (Y58 ) 4+ R B (x4 T) ,.,}hn

-

- O RN i1
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The equations, taking the limit conditions into consideration, demonstrate /2

that, for the aerodynamic quantities, such a double expansion does not contain

terms in powers of Rm. In dimensionless quantities, we have:

u,-_—_ll/(z‘ » '..—s't;/Jcl'c, 7\;;/1\ » \J:g/p\—l 7“1,: V/d‘o

[for the other quantities, see another paper (Bibl.1)]; the equations for the

mean perturbation flow can then be written as

1) ) ) .o . .
M,ou /r:x = —;- (%(,_Mq)('l ~tanfit S )eos K S‘:;_ (1)
J‘M ; (4) 7»‘1) _ 4 Q (m( M "L 1 M,’z J) -1 (2)
o * T $ TTY m oo FLY (1 STenn ° &
! - < R P e
Mo p s ) 2y = 2o O, M (110 Junkt S (3)

with the limit conditions:

(4} - A
(1) (1) a) : v s - P2 O Lw = 1

= _ . _ in =:0 A
A2 U = r = ¢ y; ¢ .

Equations (1) and (2) are the equations of the quantities of motion; eq.(3) is
a combination of the equations of continuity, energy, and state (ideal gas).

The second terms of eqs.(l) and (2) contain the electromagnetic force; its two

components depend on y and, in addition, its transverse component is propor-

tional to Rm.

#* The meaning of the letters and symbols is identical to that given elsewhere
(Bibl.1).



2. This system is equivalent to a wave equation with a second term for
each of the unknowns u(l), v‘l), p(l) which can be reduced by the classical
method of wave equation solution. Since the limit conditions are given on the
straight lines x = O and y = +1, the solution (which is continu;ﬁs) has a dif-
_ferent form in each of the regions defined by these two straight lines, by the
characteristics originating at the points (x = 0, y = +1), (x =0, y = -1), /3
and by the characteristics reflected along the walls (see Fig.l). The solution

(1)

. 1
in the region v, [(2n),, (2n)-, (2n + 1)], for u and v, for example, is

written as follows:

»
AL = -i Ior K c . . .L.
v = (1at0dk )‘-?’_m% zu(Iv-?)smz}_x_(v.*L)Jp]-z

E a ., M, .- M, ’X‘dl“\?sg,
3 24,

‘s o o -
-(9-4)-(';-4% 20-%_3-@-1)09] _,jtrea‘ L {2y~ 1,) }

W o= (1063 ) Kb 25(T -« 2y, i ) ¢/
Uv = (1 ‘S){-S—- &20(1,->)m}'\j§1_1-(«---)c‘a}- 2 ';_ﬂml-.' 6‘1v"3)m&'u (‘\v.;.\a),

* RIL-y)[x-(v-1557 ).
J

with
B { o ‘{ v zameed region {wn+1)
- 4 { ‘A
19"3.—(4'%'})[" 4’('1) J =< 1 Lf Y = <«n , :}>J region (:-a_/‘-’
. { ‘1 4-{/ v = Zn , '~j <o

region {(a2m).

K=(sm,)? e A (v . . ‘
=(8m,) (’“o-Mo)U}'-‘I)M,(’“.-N.)-"]/ AFemio1 Ra(aM) t(me - MR,

3. Figure 2 shows the acceleration of the fluid along the axis (y = 0,
v*) = 0) for three values of 6 (6 = 0; 0.1; 0.2) and for Rm = O. The interval

of the investigated values of x approximately corresponds to the length of the




accelerator. It is obvious that u'!’ is a decreasing function of & of slow /4
variation: The effect of the height of the channel on the acceleration is thus
quite negligible.

For Rm # O, the acceleration is slightly decreased: Under the conditions
involved here, at Rm = 0.3 and in the investigated interval of x, this decre-
ment does not exceed 3 x 107*.

At the wall (y = #1), the velocity is slightly greater than along the axis;
thus, for & = 0.1, the increment is of the order of 3 x 107>,

L. Figure 3 shows the evolution of the mass rate of flow of perturbation
(u(l) + Mbp(l))at the wall (y = +l) and along the axis (y = 0) for Rm = O and
Rm = 0.3 in the case of 6 = 0.1. These curves demonstrate that the fluid has
a tendency to approach the channel axis so that a confinement effect appears,
even if Rm = O, In this latter case, the electromagnetic force which becomes
purely axial is greater along the walls than along the axis. Thus, the acceler-
ation of the fluid is greater along the wall while, conversely, O(ly decreases

so rapidly that the group ('t

+ Mp'?? ) is a negative and decreasing function
of x for y = +1, whereas it is positive and increasing for y = O. Speaking
more generally, the confinement effect is increased if Rm or & increase. -
These results must be correlated with those obtained elsewhere (Bibl.3)
for the case of a slightly different electromagnetic force.
5 As in the linearized study of the one-dimensional approximation

(Bibl.1l), the solution of egs.(l) - (3) represents the flow as long as x is

sufficiently low to have the tennfhﬂwfl) be small with respect to @ .
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MAGNETODYNAMIQUE DES FLUIDES. - Tcoulerm:

- / . . . -« - ’
sible, conducteur de lfeleciricité, sous llzction dfun chamn zagneticus
non uniforme. Note de M. ROGZR PEVRIT, nrésentd. nar M.

On considére l'écoulement bidiiensionnel en vaelcour = y_uu, CinE

le temps dans un accélérateur de wnlas
tenant compile en particulier de 1'ef?

o
mz & onles 3“0_:ess*w
d ki
o

champ magnétique. La solution obtenue szitlon
permet de calculer l'accélération du fluide et met en &videncs un e”les
de confinement.
.. 1 2 L. . N
1. Deux Notes précédentes (=), (<), ont été consacrées 34 1iivude ce
1'écoulement non stationnaire dans un accélirsteur de plezma g onles progres-

sives dans une approximation wnidizensionnelle (vitesse Tronsversile ~lle -

el

les effets de la composante suivant l'axe du canal du Chelnd o annlil

r.znolgue

’ K - . s - - ‘. .
et ceux des champs induits etant nézligés; la haubteur du canzl 2h étont
1
Suprposee petite devent la longueur d'onde A du chazp progressi? de vitesse
Dans la présente Note certaines de ces rypothéses sont abandonnées
et l'on supposera: (a) le nombre de Reynolds maznéticue R = o & A

I . - 2 / - ‘ - -~ - 3 L >
petit mais non nul ( Ra neglige); (b) e peremdtre d'interaction
~ -1

ot TS ed Y . . ~ - ‘
Ral = Ry Ex(V PP &) zevit mals non nul ((Ra )b negiige);
S=h/A ¢ e ;
(¢) =n /s quelcongue; (d) seul l'ecoulement en valeur moyenre dens
. .a/ 4 . m . = o S - -
le temps est considere; les variables in nde: bencantes soi. done W ev ¥

/ ‘. o ! . 3 b} 3
(0= etant dirige suivant l'axe du canzl)(”

). Sous ces nysoindses on
suppose qu'il existe, pour les granicurs de 1'dcowlexment moyen un Louble

N/ . /. R . . - T
developpement asymptotique, procédant suivant les deux Tetits pearaneltres

o -
Rm P et R., de 1la form

;A A o .
-~ o0 I ~ N P I VoL D (] o - :
%X ( — > O [ N . \J\ v e e ey
L‘/\ l%/ \"‘P, leé > —_ o T Nen { Z 'G“A"J) / Mmooy, . Js / J/‘ *
-— NS 12 D - (1) 5 )
— \f—u ~ N\a o (¢, g Rm, o )
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Les equations, compte tenu des conditions

il

X limites, monirent que,

s

v

_
pour les grandeurs aerodynamigues, un tel develcoppenent Joudble ne

<

contient pas de termes en puissances de K. . =n grandeurs adiiv:insicnnelles:
~ ~ ~ =~ ~ o~ P N o~ g
M.:\’/u/\'nto y Vv=Uv/j0a. , Xz XA » }’:;,/ﬂ» y o, = \//“"u

2

e 7 . L. - - s -
(pour les autres quantités voir (1)), les €cuations de 2'écoulement moyen

SO0 LN VRSt

,
de perturbation peuvent s'ecrire

(1) M, = /F,x
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Les equations (1) et (Z) sont les écuaticns des quentitesde mouvereznt;

N . . - 7 . - L. . 7 = 4 s . 4 X
(3) est une combinaison des equations de continulte, de l'energie &b dietat

. ) ) - A o / .
(saz parfait). Au seconds membres de (1) et (2) figure la force électro-

s L/ o - . .
magnetique; ses deux composantes Cependent de . , en outre sa composante

o
P
4

transversale est prozcritionnelle

- ’ . : . - - -
2. Ce systeme est equivalent a une eguation des ondes avec seccnd mexbre

() PURCY; G

pour chacune des inconnues A , v R il , cue l'on peut rézoudre 3
/ . . ’ . s . N R - e, .
la methode clessique de resolution de l'eguation des ondes. Les ceonditicrn:
3 . b s q .2 . 1 - = . / K
limites etant donnees sur les droites X =¢ et g=-zT% , La solution (gul
" . \ cspnl ‘ 5 < - i e -
est continue) a une forme differente dans chacuna des rezlons cellinlces




(x=¢, o =) y (x=9, g=-71) el zar les carccier-
istiques reflechies le long des parcis (voir Fiz. 1). La solution dans
’ . - . - 47 . R
la region v, [(2n) ,(2n)_  (2n+4) ] , Tour A et %
/
par exemple, s'ecrit:
(4) 22 K N 5 - [ - o .- M; - .‘.'\\
- - . g P N 2 W T 5K g - < ox o -
L= (4o bR o)§-7:gﬁzu(1y-})bn2£_a..(/- S T chT oy
[ L ! 3
¥ i i h \‘A— 4 0 TS f/, T ‘\ l.
-(9_4)% S 2o_7;}:;LA-\v_1)voj _,_:i_‘.ic LY L5 =-2,)/ ;
: 25
-0 4 LIWNK 4T T R A Yy v Voo ST v
vV = (1 th o){,g_ ’M"Zo(-’y'})(”"“‘;,"L"‘/\‘J“/‘PE' T Ly e (57
i (4]
q(T “)‘-"_"\)~’1)55>~\i
w N, =T/ - L ’J}
avec
o . N o= 2vee region {7_/\-«-’))
1 ~" e . I n -~ 4 o~ -~
19"1'("’?[“ \;r)l_fl +(-1) J =< A 5 v = 2 y»o  reglon {(zwm),
- S - 24 o /
v o= 27, R rasion Caon)
.1 -
K1 M » T i . - - - -~ -1, S
={(8M,) (7*10-'lu)m_wﬁo(mo-mn)_u/ Aomiog ) R (g™ ) (B =M, R,
T o . ‘ t Y - 3 3 D5yt A R
3. La figure 2 represenie liacceleration du fluide sur l'axe
R . oo, o~ - - - A \
( y=o, @wz0 )powr 3 velewrde s (d= O ;G 9,2 )
~I 4 =
et pour R, =0 ; l'intervalle des valeurs de =« considere correspondant

approximativement a la longueur de Ltaccélérateur C
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7/
une fenction decroissante de o
/ ;
hauteur cdu canal sur l'acceleration est donc peu imporiant.

riant G nlmians s S toma
T a2 — 4 N N Nt e 4 2T

/ 7 PN
Pour Rwmz 0 , l'acceleration est tris legere

¥
«

/ "y A -~ - v e . - -
les conditions presentes avec W.=¢,3 et dans liintervalle de =

- A/ . . - - - / - 1 AN -
considére, cette diminution ne depasse pas . 1C7 %

A la paroi, (4= =" ) , la vitesse est *emu“w_*; pius granie cue

&1
. . o oA . L A . - . T
sur l'axe; ainsi pour ©0 =067 , l'augmentation est de liorire de .70 7,

. ¢ M - . -~ - 4 . . . - . - Ve
L. La figure 3 represente l'evolution Gu débit massiocle de DerTtursation

(11 o . :

(w-Mp") a la paroi (7-*”/) et sur llaxe (y=9; , pour R.= ¢ &%
K, = 0,3 dans le cas d= ©, 14 . Ces courbes montrent gue e CT_uicde a
tendance & étre rapproché de l'exs du canal, d'ou un effet de corfirncment

cul &apparait meme si Rnw=0 . Dans ce deraier cas, la force elecz“oma”“r.ew que

cul devient purement axiale, est plus importante aux parois que sur Llexe;

Vi . ~ . .
'acceleration du filuide est alors plus imsortante & la parci, Dar consre
P & P A~ b

ey ’ . . . LY ) . o .
Y decroit si rapidement que le groupement (U =M, £ ) ezt une forctilon
/ Ve . e . .
de «x negative et decroissante pour y=x 7 5 alors gu'elle ecv positive et
croissante pour Y= 0 . Plus gerera.*.eme.w, 1'erffet de conlinement esu
I « O ) -
augnente si Km ou d le sont.
/ - o - }—l\ - - ..
Ces resultats sont & rapprocher de ceux obtenus en ( dans le cas d'un

! ’ 7
force electromagnetique quelgque peu differente.

- / . 4 . i - - . - .
5. De meme que dans l'etude linearisee ce 1'approximation imen-

PR RIS VR 06 S enp

/

. 1 /o
sionnelle ( ), la solution des écuations (1)-(3) revpresente llecoul.zcrs
tant que «* est suffisazment faidle - ur que le terze Rm P G s0it petic

devant ¢ .

<
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